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Abstract
The biotransformation of metals is an exciting, developing strategy to treat metal contamination, especially
in environments that are not accessible to other remediation technologies. However, our ability to beneﬁt
from these strategies hinges on our ability to monitor these transformations in the environment. That’s why
remediation of contaminated sediments and soil requires detailed in situ characterization of the speciation
of the toxic substances and their transformations with respect to time and spatial distribution. The present
paper gives an overview of the literature regarding research performed in the laboratory as well as in the
ﬁeld.
1. Introduction
Elements present in natural materials (soils or
sediments) at concentrations of <1000 mg kg)1
have been deﬁned as trace elements (NRC 2003).
Most elements of the periodic table are trace ele-
ments. Numerous trace metals have been identi-
ﬁed as essential micronutrients for plants and/or
micro-organisms (including iron, zinc, copper,
selenium, and nickel) and as electron acceptors or
donors in metabolic processes (e.g., iron). At ele-
vated concentrations, however, many of these
metals exhibit signiﬁcant toxicity and trace metal
pollution in sediment, soils and groundwater re-
mains one of the most pressing issues in modern
environmental science. Arsenic contamination of
drinking water, cadmium, copper, lead, and zinc
pollution in soils, the transport of radionuclides
over long time scales, and the cycling of mercury
are a few examples of important research areas in
this context. Contamination occurs from mine
tailings, disposal of high metal wastes in improp-
erly protected landﬁlls, leaded gasoline and lea-
ded based paints (NRC 2003), land application of
fertilizer, animal manures, biosolids, composts,
pesticides, coal combustion residues and atmo-
spheric deposition (Adriano 2001).
Most of the inorganic contaminants listed in
Table 1 bind strongly onto surfaces of soil and
sediment components depending on the solution
conditions, with pH and ionic composition being
the primary determining factors.
Because metal and radionuclide contami-
nants are generally non-degradable except by
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radioactive decay, remediation technologies must
involve some form of mobilization or immobili-
zation for removal or containment, respectively.
The environmental impact of metallic contami-
nants in soils and sediments is dependent both
on the chemical speciation of the metal and the
response of the matrix to biological and physi-
cochemical conditions. These factors are respon-
sible for the mobilization of the metal from the
solid into the aquatic phase and hence transport
within the immediate vicinity, impacting on the
rate of dispersal, dilution, uptake and transfer
into living systems (Peijnenburg & Jager 2003).
As a result of their multifaceted biological func-
tions, the signiﬁcance of metals in the environ-
ment will depend on the concentration at which
they occur and on environmental factors that
control their mobility and bioavailability (NRC
2003).
Soil and sediments are dynamic systems, sub-
ject to short term ﬂuctuations, such as variations
in moisture status in case of soils, pH and redox
conditions and also undergoing gradual altera-
tions in response to changes in management and
environmental factors. These changes in soil and
sediments properties aﬀect the form and bioavail-
ability of metals, and need to be considered in
decisions on the management of polluted soils or
sediments (Eggleton & Thomas 2004; Nowack
et al. 2004; Basta et al. 2005).
Remediation of metallic contaminants can
only be brought about by their removal from
the site or by establishing conditions which
favour their retention in the solid phase (Hurst-
house 2001). In the context of soil and sediment
contamination and remediation, we need to con-
sider all the biogeochemical processes that con-
trol metal mobility and bioavailability, including
sorption on mineral and plant surfaces, disso-
lution, (bio-)mineralization, redox processes,
complexation by biogenic or non-biogenic
ligands, and biological uptake and derivatiza-
tion. Some of these processes can eﬀectively iso-
late heavy metals from the biosphere, whereas
others cause their release or transformation to
diﬀerent species that may be more (or less) bio-
available and/or toxic to organisms (NRC 2003;
Fo¨rstner 2004). This will impact on the inﬂu-
ence of the contaminant source, reaction within
the deposited environment, suitability and eﬀec-
tiveness of bioremediation processes and long-
term behaviour of the remediation result (Hurst-
house 2001).
2. Importance of metal speciation on
immobilization/mobilization processes
An important aspect of metal-microbe/plant
interactions, but one that is rarely addressed, is
metal speciation and metal bioavailability rather
than total metal concentration in the environ-
ment that determines the overall mobility and
toxic eﬀects on biological systems (Roane et al.
1996).
2.1. Deﬁnition of speciation
The mobility of metals and radionuclides depends
in part on reactivity and solubility, which are
determined by the speciation or chemical form of
the element. The term ‘‘speciation,’’ as used here,
refers to (i) the identity of the element, (ii) its
oxidation state, (iii) its physical state (i.e., phase
association; presence in a liquid, gaseous, or solid
phase (amorphous or crystalline), colloidal parti-
cle, animal or plant cell, or bioﬁlm; presence as a
surface coating or thin ﬁlm on a solid, as a sorp-
tion complex (monomeric or polymeric) on a
solid, colloidal particle, or an organic substance;
etc.) (Brown et al. 1999; Templeton et al. 2000).
Table 1. Inorganic contaminants and their sources (modiﬁed from NRC 2003)
Chemical classes Examples of contaminants Sources or applications
Metals Cr, Cu, Ni, Pb, Hg, Cd, Zn, As, Se Mining, leaded gasoline, batteries, paints, fungicides,
pesticides, irrigation drainage
Organo-metallics Tributyltin, methylmercury Paints, chemical manufacturing
Radionuclides 238,239,240Pu, 235,238U, 90Tc, 60Co, 137Cs, 90Sr Nuclear reactors, weaponry, medicine, food irradiation
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2.2. Physicochemical interactions between
inorganic contaminants and soil/sediments solid
phases
Radionuclides and metal ions can be retained in
soil and sediment by (ad)sorption, precipitation
and complexation reactions. Once deposited in
soils or sediments, trace metals interact with the
soil or sediment environment. These interactions
depend on both soil and sediment properties and
environmental factors (pH, redox potential...).
The phase association of an element is very
important in determining its mobility. The most
important controlling factors deﬁning metal speci-
ation at a particular point in space and time are:
pH; composition and amount of organic matter;
clay minerals; the presence and nature of Fe/Mn/
Al oxides and hydroxides; redox potential; con-
centrations of salts and complexing agents; anion
and cation content of the soil/sediment solution.
However, depending on the speciﬁc contaminant
and site conditions, precipitation may play a large
role in governing aqueous metal concentrations,
particularly in anaerobic sediment environments
where high concentrations of sulﬁde can result in
the precipitation of metal sulﬁdes.
Figure 1 shows the complexity and interplay
of the chemical and biological processes that
control element cycling in soils and sediments.
Such processes range from dissolution of min-
eral particles in soils, which can release natural
contaminants into pore waters, to the binding
or sorption of metals (M) and organic ligands
(L) to mineral surfaces, which can eﬀectively
immobilize contaminants and reduce their
mobility and bioavailability (Warren & Haack
2001). Precipitation is another common means
of sequestering a heavy metal if the precipitated
phase is relatively insoluble. Some heavy metal
contaminants such as lead normally exist in
minerals in one dominant oxidation state,
whereas others such as arsenic and selenium can
exist in several oxidation states and can undergo
oxidation or reduction when they interact with
mineral surfaces or organic compounds, which
act as oxidants or reductants. Microorganisms
and plants can have a profound inﬂuence on
chemical reactions involving contaminants. For
example, microorganisms often play a major
role in the degradation of organic contaminants
and in the oxidation and reduction of heavy
metals (Ledin 2000). In the case of plants, the
root–soil interfacial region, referred to as the
rhizosphere (circled area in soil proﬁle in Fig-
ure 1) is an area of particularly intense chemical
and biological activity where organic acids, sug-
ars, and other organic compounds are exuded
by live plant roots. For instance, Krishnamurti
et al. (1997) found that soil Cd might be mobi-
lized by low molecular weight organic acids
such as acetic, citric, oxalic, fumaric and succi-
nic acids that are commonly formed in root
exudates.
2.3. Overview of basic biogeochemical processes
in soils and sediments
2.3.1. Adsorption
The most important chemical processes aﬀecting
the mobility and bioavailability of metals are
those concerned with the adsorption of metals
from the liquid phase onto the solid phase in
sediments (Tessier et al. 1996; Chapman et al.
1998; Jackson et al. 1999) and in soils (Alloway
1995; Bradl 2004). Sorption on mineral surfaces
is an important process that can bind and
sequester heavy metals and other aqueous con-
taminant ions (Brown et al. 1999; Tessier et al.
1996). This process controls the concentrations
of metal ions and complexes in the soil/sediment
solution and thus exert a major inﬂuence on their
interactions with bacteria and uptake by plant
roots (Jackson et al. 1999; Ledin 2000; Bourg &
Loch 1995; Huang 2004). Adsorption refers to an
ion associated with a surface (organic or mineral)
either by (1) chemical interactions through the
sharing of electrons (covalent or ionic bonding)
or (2) electrostatic attraction involving an ion
and surface of opposite charge. The energy of
adsorption includes contributions from both elec-
trostatic and chemical interactions (Stumm &
Morgan 1996; Warren & Haack 2001).
Both solid properties and interstitial water
composition determine the equilibrium of metals
between solution and solid phases. The eﬀective-
ness of sorption reactions in binding an ion is
determined by a number of variables, including
(i) pH (Lee & Saunders 2003), (ii) the charge on
the mineral surface as a function of pH (Bertsch
& Seaman 1999), (iii) the type of sorption com-
plex formed (Sposito et al. 1999), (iv) competi-
tion between diﬀerent ions for the same types of
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reactive surface sites (e.g., U(VI), Davis et al.
2004), (v) the presence of organic and/or inor-
ganic ligands that can inhibit or enhance sorp-
tion of a metal ion (Tessier et al. 1996), and (vi)
the presence of surface coatings such as bioﬁlms
that may block reactive sites and/or create new
sorption sites (van Hullebusch et al. 2003;
Templeton et al. 2003a, b).
The concentration of metals in solution is then
largely inﬂuenced by the pH and the nature of
both organic and inorganic anions. In soils and
sediments, the eﬀect of pH values >6 in lowering
free metal cation activities is related to the in-
crease in pH-dependant surface charges on oxides
of Fe, Al and Mn, chelation by organic matter,
or precipitation (Sauve´ et al. 2000; Lee & Saun-
ders 2003; NRC 2003; Adriano et al. 2004; Basta
et al. 2005). Diﬀerences in adsorption and desorp-
tion isotherms typically show signiﬁcant hystere-
sis and evidence that this process is not simply a
competitive ion exchange reaction between metal
ions and protons or hydroxyls. Some adsorbed
metal is strongly bonded and not readily de-
sorbed from metal oxides surfaces (Gao et al.
2003; Basta et al. 2005). For instance, Qafoku
et al. (2005) performed column experiments
to investigate U(VI) desorption and sorption
kinetics in a sand-textured, U(VI)-contaminated
(22.7 micromol kg)1) capillary fringe sediment
from the U.S. Department of Energy (DOE)
Hanford site. Desorption was shown to be the
slower process. Qafoku et al. (2005) suggested
that U(VI) release and transport in the vadose
zone and aquifer system from which the sediment
was obtained are kinetically controlled.
2.3.2. Complexation
A series of complexation reactions in the soil
solution aﬀect metal transformation in the rhizo-
sphere (Figure 1). Complexation reactions of
Figure 1. Schematic illustration of a variety of molecular environmental science processes aﬀecting contaminant elements in soils
(Reprinted with permission from Brown et al., copyright (1999) National Academy of Sciences, U.S.A.)
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metals and radionuclides with ligands in the soil
solution are signiﬁcant in determining the chemi-
cal behaviour, availability, and toxicity of metals
in the rhizosphere (Huang 2004).
Metals and radionuclides form both inorganic
and organic complexes with a range of solutes. A
number of studies have examined the eﬀect of
inorganic anionic complex formation on the
adsorption of Cd2+ by soils. Weggler et al.
(2004) showed that increasing chloride (Cl) con-
centrations in soil solution increase the cadmium
(Cd) concentration in the soil solution and Cd
uptake by plants. This suggests that soil-borne
Cd is desorbed by chloride ligands in soil solu-
tion. Also, the microbial respiration causes the
increase of the (bi)carbonate concentrations.
Lately, the presence of carbonate has been
shown to favour the reoxidation of bioreduced
uranium under reducing conditions (Wan et al.
2005). These authors present evidence that biore-
duced U(VI) is reoxidized under reducing condi-
tions because carbonate accumulation promotes
the formation of highly stable carbonato–U(VI)
complexes under neutral to slightly alkaline con-
ditions. This research outlined that one should be
careful with the importance of the dosing of or-
ganic carbon (OC) into contaminated sediments
or soil to stimulate microbial U(VI) reduction to
U(IV) solids in order to minimize the carbonate
microbial production. As one can also expect,
the organic components of soil and sediments
constituents has a high aﬃnity for metal cations
because of the presence of ligands or groups that
chelate metals. With increasing pH, the carboxyl,
phenolic, alcoholic and carbonyl functional
groups in organic matter dissociate, thereby
increasing the aﬃnity of ligand ions for metal ca-
tions (Stumm & Morgan 1996; Warren & Haack
2001; Basta et al. 2005). The general order of
aﬃnity for metal cations complexed by organic is
as follows (Adriano 2001):
Cu2þ > Cd2þ > Fe2þ > Pb2þ
> Ni2þ > Co2þ > Mn2þ > Zn2þ
In view of the occurrence of organic ligands in
the rhizosphere due to root exudates and micro-
bial metabolites and the stability constants of
the complexes of metals with these ligands, a
large fraction of the soluble metal ions in the
soil solution may actually be complexed with a
series of organic ligands commonly present in
the rhizosphere. For instance, Krishnamurti
et al. (1997) found that soil Cd might be mobi-
lized by low molecular weight organic acids such
as acetic, citric, oxalic, fumaric and succinic
acids that are commonly formed in root
exudates. Moreover, bioremediation of heavy
metal polluted soil by adding mulch has been
shown to be a suitable method to treat a soil
polluted by a copper–nickel smelter (Kiikkila
et al. 2001). The concentration of complexed Cu
was shown to increase and the free Cu2+ de-
creased in the soil solution following the mulch
treatment. Hazen & Tabak (2005) give a detailed
presentation of ﬁeld study reporting metals
immobilization with biosolids.
2.3.3. Precipitation
For many of the most abundant elements such as
Al, Fe and Mn, precipitation of mineral forms is
common and may control their solubility. Precip-
itation reactions result from a solution being
oversaturated with respect to a solid phase. Solu-
bility constants for precipitation in bulk solution
are tabulated in many textbooks (e.g., Stumm &
Morgan 1996). Moreover, precipitation appears
to be the predominant process of metal immobi-
lization in alkaline soils in the presence of anions
such as sulfate, carbonate, hydroxide and phos-
phate, especially when the concentration of metal
ions is high (Adriano et al. 2004). In reduced
environments where the sulﬁde concentration is
suﬃciently high, precipitation of trace metals as
sulﬁdes may have a signiﬁcant role in metal
transformation (van den berg et al. 1998; Morse
& Luther 1999).
A number of studies have examined the
potential value of various soil amendments in
immobilizing metals in soils, thereby reducing
their bioavailability and mobility. The potential
values of common soil amendments (phosphates,
lime, biosolids and coal ash) relative to their abil-
ity to immobilize metals such as lead in soil or
sediment are discussed by Traina & Laperche
(1999), for attenuation of Cd and Zn availability
in polluted soil amended with CaCO3 and
KH2PO4 (Hamon et al. 2002), for Pb, Cd, As
and Hg immobilization with phosphates and lime
(Porter et al. 2004). For the review of the implica-
tions of liming in relation to heavy metal
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transformation and bioavailability in acidic soils
see Bolan et al. (2003a) and Adriano et al. (2004).
The coprecipitation of contaminants such as
uranium, cobalt and nickel with oxide minerals
or other naturally occurring minerals such as the
carbonates and silicates could inﬂuence the trans-
port and the bioavailability (e.g., Duﬀ et al.
2002; Zachara et al. 2001).
2.3.4. Importance of the redox potential on
speciation and mobility
Redox reactions are important in controlling the
chemical speciation of a number of contami-
nants metals, notably As, Se, Cr, Pu, Co, U, Pb,
Ni and Cu (Alloway 1995). Considering the
importance of the iron content in soils and sedi-
ments and the primary goal played by iron oxi-
des as sorbate of inorganic metal, the redox
potential and microbial populations is expected
to play a great role on the contaminants mobil-
ity. Many metal and radionuclide contaminants
exist in the environment in multiple redox
forms. The mobility of metallic contaminants
depends strongly on the oxidation states as
shown in Table 2. For instance Tc, Cr, U, and
Pu exhibit multiple oxidation states, of which
the reduced forms are quite insoluble in water.
The oxidized forms Tc(VII) and Cr(VI) are both
anions in water and generally sorb weakly to the
negatively charged surfaces typically encountered
in nature. If those metallic contaminants are
reduced, their precipitation as oxide will be
favoured (Table 2). For example, chromium is
found as Cr(VI) (+6 oxidation state) under envi-
ronmental conditions known as oxidizing condi-
tions and as Cr(III) (+3 oxidation state) under
reducing conditions.
The redox potential is related to the concen-
tration of several redox pairs in the soil; the most
important are given in Table 3. Oxygen is the
ﬁrst acceptor that plays a large role. Oxygen dif-
fuses into the soil, but can also be produced by
plants and leak into the soil by radial oxygen
loss from roots (Jespersen et al. 1998; Aldridge &
Ganf 2003). Simultaneously, other redox pairs
can ﬂuctuate in concentrations as well. Conse-
quently, ﬂuctuations in redox potential values
measured in the soil can be very large (Mansfeldt
2003; Vorenhout et al. 2004). When studying
redox behaviour in situ, the ﬂuctuations can be
of great interest to examine the metal availability
and pollutant degradation.
Oxidizing conditions generally prevail in the
absence of biodegradable organic matter and in
near-surface environments. Reducing conditions
generally prevail when an excess of biodegradable
organic matter is present and the oxygen supply
is limited. In anaerobic environments, microbial
anaerobic respiration may promote mineral disso-
lution (Dassonville & Renault 2002). An example
of this is the reductive dissolution of Fe(III) oxi-
des, which liberates metalloids such as arsenic
that are adsorbed to the oxides (Cummings et al.
1999; Bose and Sharma 2002). In contrast, such
anaerobic conditions in sediments lead to sulﬁde
production by microbially mediated reduction of
sulfates in anoxic conditions, or as a direct prod-
uct of organic matter decomposition (Neal et al.
2001). The major sulﬁde component found in
most sediments is iron sulﬁde, due to the usually
high abundance of iron oxyhydroxides, and their
ease of reduction to Fe(II) in anoxic conditions.
As amorphous iron sulﬁde (FeS) is the most
soluble of the true metal sulﬁdes, other metal ca-
tions can displace Fe to form a more stable
Table 2. Speciation of inorganic contaminants with multiple oxidation states (modiﬁed from NRC 2003)
Element Oxidizing conditions Reducing conditions
Tc Tc(VII): TcO4 , high solubility, very weak adsorption Tc(IV): TcO2nH2O(s); low solubility
Cr Cr(VI): CrO24 , HCrO

4 , Cr2O
2
7 depending on total Cr
concentration and pH value; high solubility, weak adsorption
Cr(III): Cr(OH)3(s); low solubility
U U(VI): UO2þ2 high solubility, moderate sorption; highly soluble,
weakly sorbing anionic U(VI) carbonate complexes may
predominate in waters with high carbonate concentrations
U(IV): UO2(s); low solubility
Pu Pu(VI), PU(V), Pu(IV): Pu4+, PuOþ2 , PuO
þ
2 complex, redox-active
aqueous chemistry with moderate solubility and moderately sorbing species
Pu(IV): PuO2(s), moderately
low solubility
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sulﬁde in sediment (Chapman et al. 1998; Morse
& Luther 1999) as well as in soils (Brennan &
Lindsay 1996). Also in reduced conditions, As is
mobilized as a result of reduction of Fe and Mn
oxides and reduction of As(V) to As(III) (Cum-
mings et al. 1999). However, in the rhizosphere in
wetlands, As is immobilized because of the oxida-
tion to As(V) and adsorption to FeOOH (Weiss
et al. 2004). Therefore, As has been found to
accumulate in the rhizosphere of many plants,
but most of the As is likely to be retained on the
root surface (Huang 2004; Liu et al. 2004).
Table 4 summarizes the eﬀect of redox condition
on the mobility of trace metals in soils and
sediments.
2.3.5. Transport and redox reactions
The fate of metal contaminants in soils and sedi-
ments is controlled by interdependent inﬂuences
of transport and biogeochemical reactions
(Tokunaga et al. 2001, 2003; Kaplan et al. 2004).
Laboratory studies of biogeochemical pro-
cesses are commonly conducted in well-mixed
suspensions and solution cultures (Fjeld et al.
2003; Kaplan et al. 2004). Limitations in apply-
ing results of laboratory studies to ﬁeld environ-
ments often relate to the fact that the subsurface
contains a broad spectrum of interconnected
microenvironments, while individual laboratory
batch systems represent speciﬁc isolated microen-
vironments. Soils are typically heterogeneous,
composed of aggregates, and contain preferential
ﬂow paths, such that the early stages of a con-
tamination event are usually in disequilibria with
respect to transport and reactions (Hunter et al.
1998). In such structured soils, it is expected that
contaminants rapidly move through a small sub-
set of hydraulically active macropores and slowly
diﬀuse into the adjacent soil aggregates. Such a
scenario is the basis for applying two-region
(mobile and immobile) models to describe solute
transport, in which advection is limited to the
mobile domain, and the immobile domain partic-
ipates through diﬀusive mass transfer (Tokunaga
et al. 2001). Individual soil aggregates can con-
tain wide variations in chemical (Wilcke &
Kaupenjohann 1998; Ilg et al. 2004) and microbi-
ological (Tokunaga et al. 2003) composition, and
sustain biogeochemical transformations through
diﬀusion-controlled ﬂuxes (Wang & Papenguth
2001).
Steep gradients in oxygen concentrations and
redox potentials in soil aggregates that exhibit
anaerobic interiors (Sierra & Renault 1995;
Kremen et al. 2005) indicate that transformations
experienced by redox-sensitive metal contami-
nants can occur within short distances (Figure 2).
The distribution of metal contaminants such as
chromium in soils or uranium in sediments can
be strongly localized by transport limitations and
Table 3. The most important redox pairs and the approxi-
mate redox values at the occurrence of transitions at the ref-
erence pH of 7.0 (modiﬁed from Mitsch & Gosselink 1993;
Dassonville & Renault 2002)
Oxidized
form
Reducedform Approximate Ehat
transformations, mV
Oxygen O2 H2O +600 to +400
Nitrogen NO3 N2O, N2, NH
þ
4 250
Manganese Mn4+ Mn2+ 225
Iron Fe3+ Fe2+ +100 to )100
Sulfur SO24 S
2) )100 to )200
Carbon CO2 CH4 Less than )200
Table 4. Relative mobility and availability of trace metals (modiﬁed from Salomons 1995)
Metal species and association Mobility
Exchangeable (dissolved) cations High. Changes in major cationic composition (estuarine environment)
may cause a release due to ion exchange
Metals associated with Fe–Mn oxides Medium. Changes in redox conditions may cause a release but some metal
precipitatate is sulﬁde mineral present is insoluble
Metals associates with organic matter Medium/high. With time, decomposition/oxidation of organic matter occurs
Metals associated with sulﬁde minerals Strongly dependant on environmental conditions. Under oxygen-rich conditions,
oxidation of sulﬁde minerals leads to release of metals
Metals ﬁxed in crystalline phase Low. Only available after weathering or decomposition
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redox gradients within soil aggregates (Tokunaga
et al. 2001, 2005). Chromium contamination
within soil aggregates can be strongly diﬀusion-
limited, resulting in reduction to Cr(III) within
short distances. In large diﬀusion-limited do-
mains, the Cr-contamination can be restricted to
outer regions in contact with preferential ﬂow
paths, leaving the deeper core region unaﬀected
(Figure 2). Such aggregates contain microbial
communities that have or have not been exposed
to Cr(VI) residing within outer and core regions,
respectively. Measurements of Cr(VI) diﬀusion
and reduction to Cr(III) were obtained in soil
columns representing transects into soil aggre-
gates in order to quantify inﬂuences of OC and
redox potentials on Cr transport distances and
microbial community composition (Tokunaga et
al. 2001). Outer surfaces of soil aggregates tend
to sustain oxidizing conditions favouring stability
of Cr(VI), whereas interior regions are more
reducing, promoting conversion to Cr(III). The
level of microbial activity within aggregates is
critical in controlling the extent of Cr(VI) reduc-
tion, whether directly through enzymatic path-
ways or through indirect inﬂuences involving
control of intraaggregate redox potentials and
resulting concentrations of abiotic reductants
(Fe(II), S()II), and OC). In general, the intra-
aggregate domain may not be homogeneous
with respect to microbial communities, redox
potentials, and reactivity to contaminants.
These works showed the importance of intra-
aggregate spatial relations for redox-sensitive
contaminants as well as for the microbial com-
munities responsible for redox gradients and
reductants. By extension, similar stratiﬁcation of
Figure 2. Conceptual model of ﬂow and transport in structured subsurface environments. Most of the ﬂow occurs within the
advective domain, which is often a small fraction of the system volume. The remaining larger fraction of the subsurface exchanges
chemical species primarily through diﬀusion. Microbial activity can cause large gradients in redox potentials within these diﬀusion
limited domains, spatial stratiﬁcation of redox processes, and localized precipitation of redox-sensitive contaminants (reprinted
with permission from Tokunaga et al. 2003, Copyright  2003, Journal of Environmental Quality by American Society of
Agronomy, Crop Science Society of America, and Soil Science Society of America).
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redox potentials, metal contaminants, and micro-
bial communities might occur within larger sedi-
ment blocks, deeper in the subsurface (e.g.,
chromium in soil aggregates, Tokunaga et al.
2003).
3. Abiotic and biotic processes aﬀecting the
speciation metals and radionuclides and inﬂuencing
their toxicity and transport
3.1. Role of abiotic processes aﬀecting metals and
radionuclides oxidation state
3.1.1. Role of iron and manganese speciation
Although some microorganisms can enzymati-
cally reduce heavy metals and radionuclides
directly (U(VI), Cr(VI), Mn(VI), Se(VI), Co(III)
and Tc(VII)) (Kasheﬁ & Lovely 2000), indirect
reduction of soluble contaminants may be more
feasible in natural sedimentary and subsurface
environments. This indirect immobilization could
be accomplished by metal-reducing and sulfate-
reducing bacteria. This can be achieved by cou-
pling the oxidation of organic compounds or
hydrogen to the reduction of ferric iron Fe(III),
Mn(IV), or sulfate (SO24 ). Iron(III) is reduced to
iron(II), manganese(IV) to manganese (II), SO24
to hydrogen sulﬁde (H2S) (Lloyd et al. 1998).
However, Fe(III) and Mn(III/IV) oxides can
retard the microbial reduction of contaminants
via competition as a terminal electron acceptor
(Wielinga et al. 2000) or by oxidizing biologically
reduced metals or radionuclides (Fredrickson
et al. 2002; Liu et al. 2002). Alternatively, the
presence of crystalline Fe(III) oxides may have
relatively little impact on the rate and extent of
contaminant reduction by metal-reducing bacteria
(Fredrickson et al. 2000; Wielinga et al. 2000) and
may even facilitate reduction by forming reactive
surface complexes with Fe(II) (Liger et al. 1999).
Whether metal oxides retard, promote, or
have no impact on the reduction of contaminants
largely depends on their mineralogy and free
energy, surface area and surface properties, and
physical distribution within sediments and soils
(Burke et al. 2005).
3.1.1.1. Manganese oxide. Manganese (III/IV)
oxides are common secondary phases in soils and
sediments and electron acceptors for metal-
reducing bacteria. Manganese oxides are also rel-
atively strong oxidants and can oxidize insoluble,
reduced contaminants such as the mineral urani-
niteðUO2ÞðsÞ, a common product of microbial
uranium reduction (Liu et al. 2002). Fredrickson
et al. (2002) studied the potential for Mn oxides
to modify the biogeochemical behaviour of U
during reduction by the subsurface bacterium
Shewanella putrefaciens strain CN32 using syn-
thetic Mn(III/IV) oxides (pyrolusite [b-MnO2],
bixbyite [Mn2O3] and K
+-birnessite [K4Mn14
O27  8H2O]). In the absence of bacteria, pyrolu-
site and bixbyite oxidized biogenic uraninite
(UO2[s]) to soluble U(VI) species, with bixbyite
being the most rapid oxidant. The Mn(III/IV)
oxides lowered the bioreduction rate of U(VI)
relative to rates in their absence. Diﬀerences in
the solubility of oxidized Mn (insoluble) and U
(soluble) challenge bacterium predictions of their
biogeochemical behaviour during in situ bioreduc-
tion. Uraninite that precipitated as a result of
microbial U(VI) reduction (Roden & Scheibe
2005) can be abiotically reoxidized to U(VI) by
b-MnO2(s), with concomitant reduction to Mn(II)
(Fredrickson et al. 2002; Liu et al. 2002). The oxi-
dation of biogenic UO2(s) coupled with b-MnO2(s)
reduction is well-described by an electrochemical
model (Liu et al. 2002). The work of Liu et al.
(2002) indicate that the presence of Mn(III/IV)
oxides may impede the biological reduction of
U(VI) in subsoils and sediments. However, the
accumulation of U(IV) in the cell periplasm may
physically protect reduced U from oxidation, pro-
moting at least a temporal state of redox disequi-
libria (Fredrickson et al. 2002).
Numerous studies have demonstrated a reduc-
tion of toxic Cr(VI) to non-toxic Cr(III) by
various types of bacteria under both aerobic and
anaerobic conditions (Guha et al. 2001b). In all
these studies Cr(VI) was the electron acceptor.
Experiments involving reduction of contaminant
by bacteria in the presence of solid phase miner-
als are extremely rare (Guha et al. 2003; Guha
2004). Any successful prediction of microbially
mediated metal contaminant containment in the
ﬁeld requires a thorough understanding of the
geochemical processes that aﬀect microbial
reduction. Chromium is one such redox-sensitive
contaminant whose transport in the subsurface
depends on both geochemical and microbiologi-
cal processes. Abiotic laboratory studies have
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shown that in the presence of Fe(II)-bearing min-
erals and organic acids (acetic acids and mandel-
ic acids), Cr(VI) is reduced to Cr(III) in the
subsurface (Eary & Rai 1988). Similarly, Mn-
oxide containing minerals have been shown to
oxidize Cr(III) to Cr(VI) (Stepniewska et al.
2004; Guha 2004) inﬂuencing greatly the trans-
port of this contaminant. Guha (2004) studied
the chromium transport in water-saturated con-
ditions with columns that appear to be homoge-
neously packed with either b-MnO2-coated sand,
or quartz sand in the presence of a facultative
anaerobe Shewanella alga Simidu (BrY-MT)
ATCC 55627. The results of this work indicate
that Cr(VI) reduction occurs earlier in columns
packed with quartz sand than in columns packed
with b-MnO2-coated sand. Experiments per-
formed with columns packed with b-MnO2-
coated sand showed very little reduction of
Cr(VI) within a time span of 57 h. The slow
reduction rate in the presence of b-MnO2 was
attributed to a more rapid rate of Cr(III) oxida-
tion by the manganese oxide relative to microbi-
ological reduction. However, when the biomass
content was high enough, the biological reduc-
tion of chromium was predominant. Pantsar-
Kallio et al. (2001) showed that the reactions be-
tween diﬀerent soil components such as Fe(OH)3,
MnO2, CaCO3, kaolinite and natural organic
matter (NOM) aﬀect the oxidation/reduction
ability of soils. As separate component MnO2
oxidized Cr(III) to Cr(VI). However, in mixtures
with NOM or Fe(OH)3 the oxidation is hindered.
3.1.1.2. Iron (III) oxides. Fe(III) oxides are often
in equal or greater abundance in soils and
sediments than Mn(III/IV) oxides and may also
aﬀect the fate of metals and radionuclides during
bioreduction. For instance, the presence of
ferrihydrite, probably because of its poorly crys-
talline nature and relative availability as an elec-
tron acceptor, inhibits bacterial U reduction
(Wielinga et al. 2000). However, the crystalline
goethite has little eﬀect (Fredrickson et al. 2000;
Wielinga et al. 2000). The fact that Fe(III) and
Mn(III/IV) oxides commonly occur in direct
association even further complicates the predic-
tion of in situ bioreduction processes. In addition
to U(VI), Mn(III/IV) oxides can also oxidize
Fe(II). The presence of Mn(III/IV) oxides has
been shown to impede the formation of Fe(II) by
dissimilatory metal reducing bacteria (DMRB)
(Myers & Nealson 1988), probably via the rapid
oxidation of biogenic Fe(II) (Myers & Nealson
1988). Although the extent to which Mn(III/IV)
and Fe(III) oxides may jointly aﬀect the in situ
microbial reduction of U(VI) is unknown, it is
clear that metal reduction and mineral precipita-
tion processes at the cellular level as described by
Fredrickson et al. (2002) and Liu et al. (2002)
can have an important role.
3.1.1.3. Green rust. Green rust (Fe4(II)Fe2(III)
ðOHÞ12SO4  3H2O) is an intermediate phase in
the formation of iron (oxyhydr)oxides such as
goethite, lepidocrocite and magnetite; current
thinking is that it occurs in many soil and sedi-
ment systems (Schwertmann & Fechter 1994). In
addition, green rusts are a product of microbial
degradation by dissimilatory iron reducing bacte-
ria (Fredrickson et al. 1998). Due to their highly
reactive surfaces and reduction potentials, green
rusts may have strong inﬂuences on the fate of
environmental contaminants such as selenium
(Myneni et al. 1997; Johnson & Bullen 2003),
chromium (Bond & Fendorf 2003; Lee & Batche-
lor 2003), uranium (O’Loughlin et al. 2003) and
technetium (Pepper et al. 2003). In contrast,
As(V) has shown not to be reduced in the
presence of green rust (Randall et al. 2001).
Green rust is known to reduce selenate to
Se(0), and it is the only naturally relevant abiotic
selenate reduction pathway documented to date.
Se reduction reactions, when they occur in nat-
ure, greatly reduce Se mobility and bioavailabil-
ity. Myneni et al. (1997) showed that selenium
reduced from an oxidation state of +VI to 0 in
the presence of green rust at rates comparable
with those found in sediments. However, it is
quite diﬃcult to quantify the contribution of
such abiotic processes to the overall in situ
selenium reduction that has been also shown to
be biotically mediated (Oremland et al. 1998).
3.1.1.4. Biogenic Fe(II). Some DMRB can
reduce solid phase Fe(III) oxides and oxyhydrox-
ides including poorly crystalline phases such as
ferrihydrite (Lloyd et al. 2000) and crystalline
phases such as goethite, hematite, and magne-
tite (Fredrikson et al. 2000; Behrends & van
Cappellen 2005). The roles of biogenic Fe(II) in
the reductive immobilization and potential use
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for the in situ immobilization of redox-sensitive
contaminants such as technetium (Fredrikson et
al. 2004; Wildung et al. 2004), selenium (Zingaro
et al. 1997), plutonium (Powell et al. 2004) and
uranium (Fredrikson et al. 2000; Behrends & van
Cappellen 2005) has been lately studied.
Technetium is a signiﬁcant radioactive con-
taminant from nuclear fuel cycle operations. It is
highly mobile in its oxic form (as Tc(VII)O4
))
but is scavenged to sediments in its reduced
forms (predominantly Tc(IV)). Wildung et al.
(2004) studied the extend of pertechnetate ion
[Tc(VII)O4
)] reduction in sediments. The domi-
nant electron donor in the sediments proved to
be Fe(II). Sediment Fe(II)/Tc(VII) concentrations
>4.3 were generally suﬃcient for complete reduc-
tion of Tc(VII) added [1-2.5 lmol (dry wt. sedi-
ment) g)1]. At these Fe(II) concentrations, the
Tc(VII) reduction rate exceeded that observed
previously for Fe(II)-mediated reduction on iso-
lated solids of geologic or biogenic origin, sug-
gesting that sediment Fe(II) was either more
reactive and/or that electron shuttles played a
role in sediment Tc(VII) reduction processes.
Nanocrystalline magnetite, as a product of
microbially reduced ferrihydrite, has also been
shown to reduce Tc(VII) to an insoluble form,
and it has been suggested that the indirect reduc-
tion of Tc(VII)O4ðaqÞ via biogenic Fe(II) may be
an environmentally important pathway (Lloyd et
al. 2000). Fredrikson et al. (2004) investigated
the biologic reduction of Fe(III) and Mn(III/IV)
oxides in natural sediments as well. They deter-
mined the reactivity of these bioreduced
sediments with regard to Tc(VII) reduction. The
potential for reduction of 99TcO4ðaqÞ to poorly
soluble 99TcO2nH2OðsÞ by biogenic sediment-
associated Fe(II) was investigated with three
Fe(III)-oxide containing subsurface materials and
the dissimilatory metal-reducing subsurface bac-
terium Shewanella putrefaciens CN32. Subsurface
materials that were bioreduced to varying de-
grees and then pasteurized to eliminate biological
activity, reduced TcO4ðaqÞ at rates that generally
increased with increasing concentrations of
0.5 N HCl extractable Fe(II). These results sug-
gest that Tc(VII) reduction and precipitation by
biogenic Fe(II) is particularly eﬃcient, and may
oﬀer a potentially useful mechanism for the reme-
diation of Tc-contaminated sediments containing
active concentrations of Fe(III)-reducing bacteria.
The reduction of U(VI) under iron reducing
conditions was studied by Behrends & van
Cappellen (2005) in a model system containing
the dissimilatory metal-reducing bacterium
Shewanella putrefaciens and colloidal hematite.
They focused on the competition between direct
enzymatic uranium reduction and abiotic reduc-
tion of U(VI) by Fe(II), catalyzed by the
hematite surface, at relatively low U(VI) concen-
trations (<0.5 lM) compared to the concentra-
tions of ferric iron (>10 mM). Under these
conditions surface catalyzed reduction by Fe(II),
which was produced by dissimilatory iron reduc-
tion, was the dominant pathway for uranium
reduction. Reduction kinetics of U(VI) were
identical to those in abiotic controls to which
soluble Fe(II) was added. Strong adsorption of
U(VI) at the hematite surface apparently
favoured the abiotic pathway by reducing the
availability of U(VI) to the bacteria. In control
experiments, lacking either hematite or bacteria,
the addition of 45 mM dissolved bicarbonate
markedly slowed down U(VI) reduction. Bio-
genic magnetite produced as a result of dissimila-
tory iron reduction may be an important agent
of uranium immobilization in natural environ-
ments. Fe(II) is shown to exhibit thermodynamic
potential to function as abiotic reductant of U
(Fredrikson et al. 2000). The reduced form then
chemically interacts with the contaminants and
forms separate or multicomponent insoluble spe-
cies. Liger et al. (1999) recently reported the
reduction of U(VI) by the Fe(II) complexes,
” FeOFe+ and ” FeOFeOH, on the surface of
hematite. The hydroxo complex ” FeOFeOH
was the rate determining species and the initial
rate of U(VI) reduction exhibited a ﬁrst order
behaviour with respect to the sorbed uranyl
concentration. Fredrikson et al. (2000) suggested
that sorbed Fe(II) on goethite is a powerful and
kinetically facile reductant as well.
3.1.1.5. Iron sulﬁde. The formation of iron
sulﬁde minerals takes place in recent sediments
via sulfate-reducing bacteria (Neal et al. 2001;
Lin et al. 2002). The biologic process is the result
of the oxidation of organic matter that occurs
through bacterial reduction of sulfate, resulting
in the production of hydrogen sulﬁde. Hydrogen
sulﬁde then reacts with iron species from detri-
tus or other sources to form an amorphous
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precipitate, which within days crystallises to the
more stable mackinawite (FeS). A direct precipi-
tation mechanism between iron and sulﬁde spe-
cies is also encountered in hydrothermal sulﬁde
deposits associated with volcanic activity. Macki-
nawite is the ﬁrst crystalline iron sulﬁde phase
that is formed in aqueous systems (Wolthers et
al. 2005) and is a precursor in sedimentary pyrite
(FeS2) formation (Wang & Morse 1996). Recent
studies have demonstrated that mackinawite is
an important natural reductant in soils and sedi-
ments for organic and inorganic contaminants
(Moyes et al. 2000; Moyes et al. 2002; Lee &
Batchelor 2003; Arias and Tabo 2003; Livens
et al. 2004; Bruggeman et al. 2005).
Selenium (Se) in the environment exists in four
diﬀerent oxidation states ()II, 0, IV, and VI) and
a variety of organic compounds. The speciation
of Se is largely dependent on the oxidation-
reduction potential and pH of soil and sediment
(Masscheleyn et al. 1990; Dhillon & Dhillon
2003). In oxidized conditions, selenate (SeO24 )
and selenite (SeO23 ), are the two predominant
forms (oxyanions) of Se. These species are soluble
in water and possess toxic eﬀects to living cells at
low concentrations (Wu 2004). In reduced condi-
tions, elemental Se [Se(0)] has been commonly
considered as unavailable form of Se because of its
insolubility. The most reduced form of selenium,
selenide (Se()II)), can exist as insoluble sulﬁde and
selenide minerals (e.g., ferroselite, FeSe2), substi-
tuted for S in pyrite (Belzille et al. 2000). Brugg-
eman et al. (2005) studied the Se speciation and
solubility in reducing Boom clay geochemical envi-
ronments. Upon introduction of SeO23 to FeS2-
containing samples, adsorption of SeO23 occurred
at the FeS2 surface, and led to a reduction and
precipitation of a Se solid phase (after 60 days).
Upon introduction of SeO3
2) to Boom clay sus-
pensions (equilibration up to 9 months), the com-
peting adsorption process onto clays minerals
(illite), and the presence of humic substances, de-
creased the kinetics of reduction with respect to
FeS2 samples. Bruggeman et al. (2005) demon-
strated that selenite reduction by FeS2 is kinetical-
ly controlled, with clay minerals and organic
matter playing an important role.
3.1.2. Role of natural organic matter
NOM consists of a mixture of organic com-
pounds with diﬀerent structures and functional
groups. These groups include aromatic and phe-
nolic moieties, carboxylic and heteroaliphatic hy-
droxyl functional groups, and free radicals
(Dudal & Ge´rard 2004). NOM contain redox-
active functional groups, such as quinones, and
have the ability to form NOM–metal complexes
(Haack & Warren 2003). NOM, or humic sub-
stances, are known to be redox reactive with ele-
ments in soil (Lovley et al. 1998; Struyk and
Sposito 2001) and therefore capable of reducing
redox-sensitive metals such as Cr(VI) (Wittbrodt
& Palmer 1995; Nakayasu et al. 1999; Gu &
Chen 2003; Zhilin et al. 2004; Banks et al. 2005),
Mn(IV) (Sunda & Kieber 1994), V(V) (Lu et al.
1998), As(V) (Redman et al. 2002), U(VI) (Gu &
Chen 2003; Gu et al. 2005) and Hg(II) (Alberts
et al. 1974; Matthiessen 1996).
An important implication of these studies is
the eﬀect of NOM on the potential transport of
the metals by either increasing or decreasing their
redox states and solubility and thereby causing
their mobilization or immobilization in the sub-
surface soil (Lovley et al. 1998; Fredrickson et al.
2000; Wildung et al. 2000). Because of the much
smaller size of humic molecules as compared to
the size of bacteria, humic substances could al-
low access to locations from which bacteria are
excluded due to size or nutrient limitations and
therefore transfer the microbial reducing power
to contaminants at such isolated locations.
However, because of the complexity of NOM,
the reaction mechanisms and functional groups
that participate in metal reduction or electron-
transfer reactions are not well known.
NOM was found to greatly enhance the
reduction of a key element in soil and sediment
such as Fe(III) metals or Fe(III) oxides by a
variety of microorganisms (Lovley 1996; Lovley
et al. 1998; Nevin & Lovley 2000; Royer et al.
2002; Chen et al. 2003; Kappler et al. 2004).
Lovley (1996) postulated that humic substances
were likely acting as electron mediators or
shuttles between microorganisms and Fe(III) or
Fe(III)-oxide minerals. They found that certain
anaerobic microorganisms could reduce NOM
(as an electron acceptor), which then donates
electrons to reduce Fe(III) or Fe(III)-containing
minerals to release soluble Fe2+. Iron-reducing
microorganisms such as Shewanella putrefaciens,
G. metallireducens, Shewanella alga, and a variety
of fermenting bacteria have all been shown to
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use humic substances as terminal electron accep-
tors. By incubating NOM with S. putrefaciens,
the equivalent Fe(III)-reducing capacity of NOM
was reported to range from 0.1 to 0.6 mol/kg
(Royer et al. 2002; Chen et al. 2003). In addition,
Chen et al. (2003) showed that NOM was able to
reduce Fe(III) abiotically. The reduction was pH
dependant and varied greatly with diﬀerent frac-
tions of NOM. The polyphenolic-rich NOM frac-
tion exhibited the highest reactivity and
oxidation capacity at a low pH (<4) as com-
pared with the carbohydrate-rich NOM fraction
and a soil humic acid in reducing Fe(III).
Under oxic conditions, chromium and
uranium are commonly present as CrO24 and
UO2ðCO3Þ22 oxyanions (with CO2 or
carbonates) in the environment. These oxidized
forms of Cr(VI) and U(VI) are soluble and high-
ly mobile in soil because they are poorly sorbed
by soil minerals carrying a negative surface
charge. On the other hand, the reduced forms of
Cr(III) and U(IV) are only sparingly soluble and
are strongly retained by soil and sediments
(Fendorf 1995; Anderson and Lovley 2002;
Rifkin et al. 2004). While many studies to date
have focused on direct microbial reduction of
Cr(VI) and U(VI) (Lovley et al. 1991; Shen et al.
1996; Chen and Hao, 1998; Abdelouas et al.
2000; Fredrickson et al. 2000), few studies have
examined the eﬀect of NOM on the enhanced
microbial reduction of Cr(VI) or U(VI), as has
been observed for the reduction of Fe(III) or
Fe(III)-oxide minerals (Lovley 1996; Royer et al.
2002; Chen et al. 2003). Therefore, of particular
interest is the possibility that NOM-mediated
reduction of Cr(VI) and U(VI) may lead to more
rapid immobilization of these metals in soil and
thus the remediation of a contaminated site (Gu
& Chen 2003; Zhilin et al. 2004; Banks et al.
2005). Gu & Chen (2003) showed that the chemi-
cal and structural properties of NOM compo-
nents may play diﬀerent roles in enhancing the
bioreduction of Cr(VI) and U(VI) by microor-
ganisms. For instance polycondensed aromatic
humic materials may be particularly useful in
mediating the bioreduction and rapid immobili-
zation of these contaminant metals in soil. Zhilin
et al. (2004) also demonstrated that the origin of
humic substances may greatly inﬂuence the
kinetic of Cr(VI) abiotic reduction. For instance,
the capacity of leonardite humic substances to
reduce Cr(VI) was lower than that of peat humic
substances. The presence of Fe(III) accelerated
the reduction of Cr(VI) by peat humic sub-
stances. The diﬀerent mechanisms of Cr(VI)
reduction on account of the irreversible oxidation
of carbohydrate units, whereas leonardite humic
substances reduce Cr(VI) owing to reversible
transformations of quinoic-hydroquinoic units.
The leonardite humic substance were concluded
to be advantageous for an application of Cr(VI)
contaminated sites due to their long-lasting
capabilities for reducing Cr(VI).
The presence of natural humics was found to
be beneﬁcial for the enhancement of the biore-
duction of U(VI) in the presence of metal ions
such as Ca2+ and Ni2+, which are known to in-
hibit the biological reduction of U(VI). Labora-
tory experiments showed that under strict
anaerobic conditions, the presence of humic
materials enhanced the U(VI) reduction rates (up
to 10 fold) and alleviated the toxicity eﬀect of
Ni2+ on microorganisms. Humic acid was found
to be more eﬀective than fulvic acid in enhancing
the reduction of U(VI). Such an enhancement ef-
fect is attributed to the ability of these humics in
facilitating electron-transfer reactions and/or in
complexing Ca2+ and Ni2+ ions (Gu et al.
2005). Gu et al. (2005) showed that humics were
also found to form complexes with reduced
U(IV) and increased the oxidation of U(IV)
when exposed to oxygen.
3.2. Role of biotic processes aﬀecting metals and
radionuclides mobility
In addition to physico-chemical metal processes
into the solid phase, microorganisms can also
contribute to the immobilization or mobilization
of metals and radionuclides. Microorganisms
have a high surface area-to-volume ratio because
of their small size and therefore provide a large
contact area that can interact with metals in the
surrounding environment. Microbe–metal inter-
actions have received much attention in the last
years due to the potential use of microorganisms
for cleaning metal-polluted environments (Gadd
1993, 1996, 1999, 2000, 2002; 2004; Gadd &
White 1993; White et al. 1997, 1998; Lloyd &
Macaskie 2000; Lloyd & Lovley 2001; McLean
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et al. 2002; Tabak et al. 2005). The ability of
microorganisms to aﬀect metal speciation relates
to their ability to eﬀect and/or mediate mobiliza-
tion or immobilization processes that inﬂuence
the balance of metal species between soluble and
insoluble phases (Wiatrowski & Barkay 2005).
Mobilization of metals can be achieved by, e.g.,
protonation, chelation, and chemical transforma-
tion while immobilization can occur by precipita-
tion or crystallization of insoluble organic or
inorganic compounds or by sorption, uptake and
intracellular sequestration. Redox reactions can
mobilize or immobilize metals depending on the
metal species involved. As well as being an inte-
gral component of biogeochemical cycles for
metals, these processes may be exploited in
bioremediation of soils and sediments polluted
by metals and radionuclides (Gadd 1993, 1996,
1999, 2000, 2002, 2004; Gadd & White 1993;
White et al. 1997, 1998; Lloyd & Macaskie 2000;
Lloyd & Lovley 2001; McLean et al. 2002;
Tabak et al. 2005). Almost all metal–microbe
interactions have been examined as a means for
removal, recovery or detoxiﬁcation of inor-
ganic and organic metal or radionuclide pollu-
tants (Lovley & Coates 1997; Stephen &
MacNaughton 1999; Eccles 1999). In such a con-
text, solubilization may enable removal from so-
lid matrices, such as soils and sediments.
The main mechanisms by which microorgan-
isms and plants aﬀect changes in the speciation
and mobility of metals and radionuclides are
listed Table 5, including some examples (Gadd
et al. 2001). These mechanisms have been re-
viewed in details in the literature (e.g., Lloyd
2003). Microbial biotransformation of metals or
metalloids may alter their oxidation state or lead
to their alkylation and subsequent precipitation or
volatilization. Metabolic pathways leading to pre-
cipitation of heavy metals as metal sulﬁdes, phos-
phates or carbonates place microorganisms in the
forefront for possible biotechnological applica-
tion. They sequester metals from soils and sedi-
ments or solubilize them to aid their extraction.
Moreover, the possibility of altering the microbes
used in heavy metal remediation and constructing
chimeric organisms possessing desirable features
using genetic engineering is now under study
(Valls & de Lorenzo 2002). These processes can be
summarized in a scheme as depicted in Figure 3
(modiﬁed from Toes et al. 2004).
4. Inﬂuence of metals and radionuclides
bioavailability on inorganic contaminants
bioremediation
Bioavailability of metals and radionuclides has
emerged as an important paradigm in ecological
as well as human health risk assessment
(National Research Council, NRC 2003 and
Adriano 2001), replacing an old belief that bio-
logical response by receptor organisms could be
predicted by the total concentrations of the
chemicals of concern. However, the term bio-
availability can mean diﬀerently to diﬀerent dis-
ciplines. A rather generic deﬁnition of
bioavailability oﬀered by the National Research
Council (2003) states that ‘‘bioavailability pro-
cesses’’ describe the complex mass transfer and
uptake processes of contaminants into soil or
sediment organisms conditioned by substance
properties, soil or sediment characteristics and
the biology of organisms (microorganisms or
plants in the frame of bioremediation technol-
ogy) under varying environmental conditions.
Thus in both soil and sediment, processes that
determine exposure to contamination include (A)
release of a solid-bound contaminant and (B)
subsequent transport, (C) transport of bound
contaminants (e.g., contaminants bound to col-
loids, Cantwell & Burgess 2001; Vignati et al.
2005), (D) uptake across a physiological mem-
brane (Simkiss & Taylor 1995), and (E) incorpo-
ration into a living system. The NRC report
deﬁnes A, B, C, and D to be bioavailability pro-
cesses, but not E, because soil and sediment no
longer play a role (NRC 2003; Ehlers & Luthy
2003).
However, the deﬁnition of bioavailability and
the concepts on which it is based are still unclear,
the methods adopted for its measurement vary
and as such there is no single standard technique
for the assessment of either plant availability of
contaminants or their ecotoxicological impacts on
soil biota (Peijnenburg & Jager 2003). ‘‘Improv-
ing risk assessment and remediation rests on bet-
ter understanding bioavailability’’ quoted from
Ehlers & Luthy (2003). To do so, more consistent
knowledge regarding the metal speciation are
required as reviewed by Nolan et al. (2003). The
determination of species concentration or distri-
bution of trace elements in soils/sediments is
more challenging than determination of total
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elemental content due to (i) diﬃculty associated
with isolating the compounds of interest from
complex matrixes, such as soils/sediments; (ii)
most of the currently available speciation tech-
niques disturb the equilibria existing between the
various chemical species present in a system; (iii)
for those species which are present at ultra-trace
levels, few analytical procedures allow the degree
of sensitivity required; and (iv) suitable standard
references materials are often not available to
achieve analytical quality assurance.
In the forthcoming subsections the ﬁndings of
recent studies regarding (i) the eﬀect of metal
bioavailability on toxicity toward micro-organ-
isms involved in bioremediation of inorganic pol-
lutants, (ii) the eﬀect of inorganic pollutant
bioavailability on bacterial redox radionuclide
biotransformation and (iii) the inﬂuence of inor-
ganic pollutants bioavailability on plants and con-
sequences on phytoremediation will be shortly
presented.
4.1. Bioavailability and toxicity toward
micro-organisms
Target pollutants rarely occur as sole contami-
nants in situ; rather they exist as components of
complex mixtures of organic and inorganic
Table 5. Main mechanisms by which microorganisms and plants aﬀect changes in the speciation and mobility of metals and
radionuclides
Enzymatic detoxiﬁcation mechanisms
Oxidation of AsO2 to AsO
3
4 Bruneel et al. (2003), Macur et al. (2004)
Reduction of CrO24 to Cr
3+ Kamaludeen et al. (2003)
Reduction of Hg2+ to Hg and methylation Wagner-Do¨bler et al. (2000), Wagner-Do¨bler et al. (2003),
Barkay & Wagner-Dobler (2005)
Utilization as electron donor or acceptor
Oxidation by chemolithotrophs
Fe2+ to Fe3+ Lack et al. (2002)
AsO2 to AsO
3
4 Culen & Reimer (1989)
Reduction by heterotrophs or autotrophs
Fe3+ to Fe2+ Fe3O4, FeCO3 Nealson et al. (2002)
MnO2 to Mn
2+, MnCO3 Nealson et al. (2002)
SeO4
2)and SeO3
2) to Se or Se2) Herbel et al. (2000, 2003)
MoO24 to a lower oxidation state Tucker et al. (1997)
TcO4ðaqÞ to TcO2.nH2O Wildung et al. (2000, 2004)
CrO24 to Cr
3+ Nealson et al. (2002), Cheung & Gu (2003)
Non-enzymatic processes
Binding or accumulation of metal cations to the cell surface Beveridge (1989), Huang et al. (2005)
U(VI) sorption by Shewanella putrefaciens Haas et al. (2001)
U(VI) sorption by Pseudomonas ﬂuorescens Bencheikh-Latmani & Leckie (2003)
Promotion of leaching by metabolite products (acids or ligands)
Sulfuric acid produced by sulfur oxidizing bacteria White et al. (1998)
Siderophores produced by R. metallidurans CH34 which
can solubilize metals in soil
Diels et al. (1999)
Bacterial extracellular polymer that mobilized adsorbed
copper and lead from naturally aged soil
Jensen-Spaulding et al. (2004)
Microbial siderophores (desferrioxamine-B) that promote
dissolution of UO2 under reducing conditions
Frazier et al. (2005)
Plant roots exudates Krishnamurti et al. (1997), White et al. (1997), Wenzel et al. (2003)
Precipitation of metals by metabolic products as sulﬁde,
carbonate or phosphate ions:
For review see Ehrlich (1999)
CdS Sharma et al. (2000)
Sr2+, UO2þ2 or Co
2+ coprecipitation with calcium carbonateFugita et al. (2000)
CoS precipitation in subsurface sediment Krumholz et al. (2003)
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compounds. The presence of heavy metals, which
are not destroyed biologically but are only trans-
formed from one oxidation state to another,
interfere with the bioremediation processes.
The bioavailability of metals and radionuc-
lides and associated toxicity to soil biota vary
with time, soil type, speciation, ageing, contami-
nant source, organisms and the environmental
factors (Lock & Janssen 2003a,b; NRC 2003;
Ruggiero et al. 2005). For example, Lock et al.
(2000) found that the toxicity of Zn and Cd to
the earthworm (Enchyraeus albidus) varied by two
orders of magnitude for a range of diﬀerent soils.
The principal inﬂuences aﬀecting bioavailability
were pH and cation-exchange capacity. More-
over, due to long-term processes, called ageing,
soil metal (bio)availability decreases with time.
Lock & Janssen (2003a, b) showed that pH is the
most important parameter determining the eﬀect
of ageing on zinc partitioning in soils, with the ef-
fect of ageing becoming more important with
increasing pH. Plette et al. (1999) examined cop-
per binding to maize root cells and to fungal and
yeast cells in a sandy soil, as well as cadmium
binding to bacteria in a clay and a sandy soil.
They found that although pH was the most
important factor, calcium concentration (as a
competitor for the same adsorption sites as the
metal ions) was also important. An additional
problem arises with combination of metals. For
example, van Gestel & Hensbergen (1997) found
that the water solubility of Cd was substantially
increased by the presence of Zn, whereas Cd did
not aﬀect the water solubility of Zn.
Bacteria may be beneﬁcial for alleviating
actinides (short life radionuclides) contaminants
migration through processes such as bioaccumu-
lation or metal reduction. However, sites with
radioactive contamination often contain multiple
additional contaminants, including metals and or-
ganic chelators. Bacteria-based bioremediation re-
quires that micro-organism functions in the
presence of the target contaminant, as well as
other contaminants. Ruggiero et al. (2005) evalu-
ated the toxicity of actinides, metals and chelators
to two diﬀerent bacteria proposed for use in
radionuclide bioremediation, Deinococcus
radiodurans and Pseudomonas putida, and the
toxicity of Pu(VI) to Schewanella putrafaciens.
Ruggiero et al. (2005) showed that Pu is less toxic
than U and that actinides are less toxic than
other types of metals (Cd, Ni, Cr, Co, Pb, Zn),
which suggest that actinide toxicity will not
impede bioremediation using naturally occurring
bacteria such Pseudomonas putida, Deinococcus
radiodurans and Shewanella putrefaciens. However
the toxicity data were given on the total metal
content and these authors did not perform any
speciation analysis of the metal present in the
growth medium, which do not allow to draw con-
clusion regarding the bioavailability of the metals.
Given the potential environmental and ﬁnancial
Figure 3. Schematic presentation of microbial inﬂuences on processes leading to either mobilization or immobilization of heavy
metals in polluted soil or sediment (modiﬁed from Toes et al. 2004).
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beneﬁts of bioremediation, few studies on radio-
nuclides and metal toxicity to microorganisms
have been reported (Ruggiero et al. 2005).
4.2. Bioavailability and bacterial redox
biotransformation
Dissimilatory microbial reduction of soluble
U(VI) to relatively insoluble U(IV) has been pro-
posed as a potentially viable mechanism by
which U contamination in natural waters may be
ameliorated via precipitative sequestration. Most
studies of microbial U(VI) reduction have
focused on dissolved U(VI) species, but in anoxic
sedimentary environments, U(VI) species
adsorbed onto organic and mineral surfaces are
likely to dominate the chemical speciation of
uranium (Liu et al. 2005). Despite this expecta-
tion, few studies have addressed the bioavailabil-
ity to metal-reducing bacteria of U(VI) adsorbed
onto sedimentary aquifer materials. Ortiz-
Bernard et al. (2004) investigated the eﬀect of
U(VI) adsorption to sediment on microbial
reduction of the actinide, using uranium-contam-
inated sediments from Riﬂe, Colorado. When
sediment was incubated with acetate, U(VI) and
Fe(III) reduction was stimulated and the concen-
tration of U(VI) in the groundwater decreased.
However, most of the uranium associated with
the sediment was U(VI), and this was not
reduced, suggesting that sorbed U(VI) was not
bioavailable for microbial reduction.
Jeon et al. (2004) investigated the microbial
(Geobacter sulfurreducens) reduction of 0.1 mM
U(VI) in the presence of synthetic Fe(III) oxi-
des and natural Fe(III) oxide-containing solids
was investigated in pH 6.8 artiﬁcial groundwa-
ter containing 10 mM NaHCO3. In most exper-
iments, more than 95% of the added U(VI)
was sorbed to solids, so that U(VI) reduction
was governed by reactions at the solid–water
interface. The rate and extent of reduction of
U(VI) associated with surfaces of synthetic
Fe(III) oxides (hydrous ferric oxide, goethite,
and hematite) was comparable to that observed
during reduction of aqueous U(VI). In contrast,
microbial reduction of U(VI) sorbed to several
diﬀerent natural Fe(III) oxide containing solids
was slower and less extensive compared to syn-
thetic Fe(III) oxide systems. Addition of the
electron shuttling agent anthraquinone-2,6-
disulfonate (AQDS; 0.1 mM) enhanced the rate
and extent of both Fe(III) and U(VI) reduc-
tion. These ﬁndings suggest that AQDS facili-
tated electron transfer from G. sulfurreducens to
U(VI) associated with surface sites at which
direct enzymatic reduction was kinetically lim-
ited. These ﬁndings verify the predictions by
Fredrickson et al. (2000) and Finneran et al.
(2002) that the presence of AQDS should stim-
ulate U(VI) bioreduction in Fe(III) oxide-reduc-
ing systems and indicate that addition of
electron shuttling compounds, such as natural
humic substances, could enhance the overall
eﬀectiveness of in situ U(VI) bioremediation.
However, other recent studies indicate that hu-
mic complexation of U(VI) may inhibit micro-
bial reduction of soluble U(VI) (Haas and
Northup 2004). Additional studies are required
to evaluate the extent to which natural or syn-
thetic electron shuttles may be able to facilitate
U(VI) reduction in subsurface sediments. Jeon
et al. (2004) demonstrate that association of
U(VI) with diverse surface sites in natural soils
and sediments has the potential to limit the
rate and extent of microbial U(VI) reduction
and thereby modulate the eﬀectiveness of in
situ U(VI) bioremediation.
Moreover, the bioavailability and the biore-
duction rate of metals and radionuclides associ-
ated with intraparticle regions of porous media is
constrained by mass transfer processes in long-
term contaminated sediments or soil. Recent
characterization of U(VI) speciation and physical
location in 30-year contaminated Hanford Site
sediments demonstrated that U(VI) primarily
resides as a U(VI) microprecipitate in small frac-
tures, cleavages, or dead-end voids within sedi-
ment particle grains exhibiting pore sizes of a few
microns or less (Catalano et al. 2004). The U(VI)
microprecipitates dissolved into undersaturated
pore water, but the rate of dissolution and trans-
port out of intraparticle regions was limited by
diﬀusive processes (Qafoku et al. 2005). These re-
sults indicated that most of the sorbed U(VI)
pool was not physically accessible to metal-
reducing bacteria due to size restrictions of the
grain porosity. The overall kinetic rates and ex-
tent of microbial U(VI) reduction under such
conditions would be therefore limited by the bio-
availability and mass transfer rates of U(VI) out
of intraparticle regions.
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4.3. Bioavailability and plants
For most metals and metalloids, uptake into
roots takes place from the aqueous phase. A
major factor limiting metal uptake into roots is
the slow transport from soil particles to root sur-
face. Indeed, strong binding to soil particles and/
or precipitation renders a signiﬁcant soil metal
fraction insoluble, and largely unavailable for
plant uptake. Low soil bioavailability is therefore
a major factor limiting the potential for phytoex-
traction of signiﬁcant metal contaminants (Nolan
et al. 2003). Thus, increasing metal solubility in
the soil is an important prerequisite to enhance
the potential of metal phytoextraction. The suc-
cess of phytoextraction, as an environmental
cleanup technology, depends on several factors
including the extent of soil contamination, metal
availability for uptake into roots, and plant abil-
ity to intercept, absorb, and accumulate metals in
shoots (Ernst 1996, for cadmium, see review
from Tudoreanu & Phillips 2004). In order to be
bioavailable, metals have to come in contact with
the plant (i.e., physical accessibility). Moreover,
metals need to be in a particular form (i.e.,
chemical accessibility) to be able to enter a plant
root (Adriano et al. 2004).
The diﬀerent natural remediation-bioavailabil-
ity processes are depicted in Figure 4. In the ini-
tial phase (A), the metals partitioning between
the aqueous phase and solid phase are regulated
by various biogeochemical processes. Some of
these processes include basic ones like desorption/
adsorption, precipitation/dissolution, complexation,
redox reactions, etc (see Section 2). The nature of
these processes determines the kinetics of natural
remediation that can be parameterized by bio-
availability. The role of the rhizosphere in metal
transformation and partitioning can be very
important by secreting root exudates which
enhanced the solubility of metals (Wenzel et al.
2003; Adriano et al. 2004).
The next phase (B, B¢) involves the transport
of metals to organisms. The metal can be trans-
ported in soluble (B), colloidal, and/or particu-
late (B¢) form. From the aqueous phase (B)
metals can be mobilized either in soluble or col-
loidal form, the latter being viewed as facilitated
transport. Usually inorganic and OM-based col-
loids are highly reactive, thus they characteristi-
cally contain much higher metal concentration in
comparison with those in the solution. The next
phase (C) involves passing through a biological
membrane, which in many instances can serve as
a bioﬁlter for contaminants. In plants, this is rep-
resented by the root membrane. The last phase
(D) involves circulation and assimilation in the
metabolic machinery of the organism, culminat-
ing in some form of biological response Figure 4.
The assessment of metal bioavailability and
uptake by plants is an important parameter in
several respects. Firstly, it allows a rapid, cost-
eﬀective and early assessment of the potential
risk of heavy metal transfer linked to crop spe-
cies grown on metal enriched soils. Secondly, a
correlation between heavy metal bioavailability
and plant uptake data can be used for modeling
and in predicting the applicability of diﬀerent
Figure 4. Bioavailability processes in the soil–plant system (Reprinted from Geoderma, vol. 122, Adriano et al. Role of assisted
natural remediation in environmental cleanup, 127–142, Copyright (2004), with permission from Elsevier.
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phytoremediation techniques as eﬃcient remedia-
tion strategies for heavy metal polluted soils.
This is of particular relevance for both in situ
immobilization, aiming at reducing the plant-
available heavy metal fraction and its uptake by
plants, and phytoextraction, where information
on the plant-available fraction is a prerequisite to
predict the eﬃciency of the remediation process
(Robinson et al. 1999; Tibazarwa et al. 2001;
Nowack et al. 2004).
4.4. Bioavailability and phytoremediation
This section does not intend to review in details
the phytoremediation technology to remediate
polluted matrixes. For this, the readers are re-
ferred to the following review papers (Kamnev &
van der Lelie 2000; Lasat 2002; Schmidt 2003;
Vassilev et al. 2004; Alkorta et al. 2004a,b; Datta
& Sarkar 2004).
In general, there are two approaches to the
phytoextraction of heavy metals: continuous or
natural phytoextraction and chemically enhanced
phytoextraction. The former approach uses natu-
ral hyperaccumulating plants with extremely high
metal-accumulating abilities to accumulate excep-
tionally high speciﬁc metal content in the shoots,
which are harvestable, but such plants are usu-
ally slow-growing with a low biomass yield
(Alkorta et al. 2004b). It has been estimated that
such plants would need several years to remove
all the metal from contaminated soil (Alkorta
et al. 2004a). However, chemically enhanced phy-
toextraction has been shown to overcome the
above problems. Common crop plants with high
biomass can be triggered to accumulate vast
amounts of metals when their mobility in soil is
enhanced by chemical chelating agents. In addi-
tion, the eﬀectiveness of phytoextraction for met-
als is highly dependent on the availability of
metals for plant uptake (Garbisu and Alkorta
2001; Alkorta et al. 2004a).
Plant uptake of metals shows a marked depen-
dence on the chemical speciation of the metal in
solution. For most metals, uptake into roots
takes place from the aqueous phase. Plant re-
sponse generally correlates best with the activity
of the free, uncomplexed metal ion in solution.
Strong binding to soil particles and/or precipita-
tion renders a signiﬁcant soil metal fraction insol-
uble, and largely unavailable for plant uptake.
Low soil bioavailability is a major factor limiting
the potential for phytoextraction of signiﬁcant
metal contaminants such as, lead (Cooper et al.
1999). A major objective of current phytoremedi-
ation research is for instance to induce heavy
metals and mettalloids (zinc, cadmium, lead and
arsenic) desorption from the soil matrix into solu-
tion, and increase propensity for uptake into
roots (Alkorta et al. 2004b). However, there are
numerous observations that chelating agents are
taken up by plants. A direct analytical determina-
tion of an intact metal–EDTA complex inside
plants proved that the metal and the chelating
agent form a complex (Vassil et al. 1998). There-
fore, it is suggested that plants are not only able
to take up free metal ion, but are also able to
take up intact chelates (complexes). As an alter-
native to synthetic chelators, widespread natural
sources, such as humic substances, could be used.
The term humic substances refers to a category of
naturally occurring organic materials found in
soils, sediments, and natural waters. Humic acids
contain acidic groups such as carboxyl and phe-
nolic OH functional groups (Dudal & Ge´rard
2004) and, therefore, provide organic macromole-
cules with an important role in the transport, bio-
availability, and solubility of heavy metals (Halim
et al. 2003). Humic acids were applied to a cad-
mium-contaminated soil at various dosages, and
the uptake of cadmium into Nicotiana tabacum
SR-1 was determined in relation to the amounts
of total and bioavailable cadmium in the soil
(Evangelou et al. 2004). It was found that the the-
oretical bioavailability of cadmium, as deter-
mined by diethylenetriaminepentaacetic acid
(DTPA) extraction, did not change, but its plant
uptake was enhanced signiﬁcantly, in some cases
up to 65%. Humic acids added at a rate of
2 g kg)1 soil increased the cadmium concentra-
tion in the shoots from 30.9 to 39.9 mg kg)1. A
possible reason for this enhancement is the de-
crease in pH, resulting in higher cadmium avail-
ability. Another possibility taken into account is
that plants may take up cadmium complexes with
humic acid fragments, which result from microbi-
ological degradation or, self-dissociation.
However, chelate-induced phytoextraction in-
creases the risk of adverse environmental eﬀects
due to metal mobilization during extended peri-
ods of time (Wu et al. 2004). In order to mini-
mize these problems associated with the use of
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chelating agents, nowadays research is being fo-
cussed on the gradual application of small doses
of the chelating agent during the growth period.
However, EDTA utilization in the future will
most likely be limited to ex situ conditions where
control of the leachates can be achieved (Zeng
et al. 2005). There are other mobilizing agents
which are much less harmful to the environments
such as citric acid, NTA, and particularly EDDS
(Alkorta et al. 2004a, b; Tandy et al. 2004; Luo
et al. 2005; Hauser et al. 2005).
In some cases, the bioavailable metal content
in soil or sediment should be lowered in order to
reduce the phytotoxicity through organic and
inorganic amendements (Adriano et al. 2004,
Clemente et al. 2005). In eﬀorts to remediate
soils contaminated with low levels of Cr(VI), it
has been proposed to use plants to extract or
immobilize the metal. However, the contamina-
tion of soil and ground water due to the use of
Cr in various anthropomorphic activities has
become a serious source of concern to plants
(Shanjer et al. 2005). In case of heavy contami-
nation with chromium, organic amendment can
be used to decrease the phytoavailability of chro-
mate known to be the more toxic. Bolan et al.
(2003b) showed that addition of organic amend-
ments (biosolid compost, farm yard manure, ﬁsh
manure, horse manure, spent mushroom, pig
manure, and poultry manure) enhanced the rate
of reduction of Cr(VI) to Cr(III) in the soil. The
eﬀect of biosolid compost on the uptake of
Cr(VI) from the soil, treated with various levels
of Cr(VI) (0–1200 mg Cr kg()1) soil), was exam-
ined with mustard (Brassica juncea L.) plants.
Increasing addition of Cr(VI) increased Cr con-
centration in plants, resulting in decreased plant
growth (i.e., phytotoxicity). Addition of the
biosolid compost was eﬀective in reducing the
phytotoxicity of Cr(VI). The redistribution of
Cr(VI) in various soil components was evaluated
by a sequential fractionation scheme. In the un-
amended soil, the concentration of Cr was higher
in the organic-bound, oxide-bound, and residual
fractions than in the soluble and exchangeable
fractions. Addition of organic amendments also
decreased the concentration of the soluble and
exchangeable fractions, but especially increased
the organic-bound fraction in soil. However,
research focusing on the interaction between
plants and chromium in the rhizosphere soil and
the understanding of chromium bioavailability is
relatively limited due to the complexity of chro-
mium chemistry. To optimize phytoremediation
as a potential remediation strategy and to assess
potential secondary environmental and health
hazards with this process, it is helpful to under-
stand the mechanisms of Cr uptake, transloca-
tion, tolerance, and bonding by plants and the
conditions under which Cr is maximally ab-
sorbed and/or immobilized by using for instance
microanalytical spectroscopic techniques (Howe
et al. 2003; Gardea-Torresdey et al. in press).
Soil micro-organisms have been shown to
possess several mechanisms capable of altering
metal bioavailability for uptake into roots. For
example, microbes have been documented to
catalyse redox reactions leading to changes in
metal mobility in soil and propensity for uptake
into roots.
The bacteria associated with plant roots may
have profound eﬀects on plant growth and nutri-
tion through a number of mechanisms such as
N2 ﬁxation, production of phytohormones and
siderophores, and transformation of nutrient ele-
ments. Although many soil bacteria are tolerant
to heavy metals and play important roles in
mobilization or immobilization of heavy metals
(Ledin 2000), only a few attempts have been
made to study the rhizosphere bacteria of metal
accumulating and hyperaccumulating plants and
their role in the tolerance to and uptake of heavy
metals by the plants. However, improvement of
the interactions between plants and beneﬁcial rhi-
zosphere microorganisms can enhance biomass
production and tolerance of the plants to heavy
metals, and are considered is be an important
component of phytoremediation technology
(Glick 2003). Belimov et al. (2005) isolated sev-
eral cadmium-tolerant bacterial strains from the
root zone of Indian mustard (Brassica juncea
L. Czern.) seedlings grown in Cd-supplemented
soils as well as highly Cd contaminated sewage
sludge and mining waste. The isolated strains,
Variovorax paradoxus, Rhodococcus sp. and
Flavobacterium sp., were capable of stimulating
root elongation of B. juncea seedlings either in
the presence or absence of toxic Cd concentra-
tions. Some of the strains produced indoles or
siderophores. The isolated bacteria oﬀer promise
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as inoculants to improve growth of the metal-
accumulating plant B. juncea in the presence of
toxic Cd concentrations and for the development
of plant-inoculant systems useful for phytoreme-
diation of polluted soils.
In addition, root mycorrhizal associations
have been shown to aﬀect the rate of metal uptake
(Leyval et al. 1997; Khan 2005). It is well known
that mycorrhizal fungi are a major component of
the rhizosphere and form mutualistic associations
(mycorrhizae) with most plant species. Of these,
the arbuscular mycorrhizae (AM) are by far the
most widespread. Beneﬁts to the plant include for
instance improved nutrition through phosphorus
minerals solubilization. Note that this solubiliza-
tion can result in release of the associated metals
(Fomina et al. 2005). In addition, AM fungi have
been shown to enhance tolerance of biotic and
abiotic stresses, including heavy metals (Leyval et
al. 1997): as they are a direct link between soil and
roots, they can be very important for heavy metal
availability and toxicity to plants (Leyval et al.
1997). The AM symbiotic status changes the
chemical composition of root exudates and
inﬂuences the soil pH, thus quantitatively and
qualitatively aﬀecting the microbial populations in
the rhizosphere. All these factors, alone or in
combination, can inﬂuence metal mobility or
availability. Nevertheless, the role of AM fungi in
the uptake and in the transfer of heavy metals to
the plant is still poorly understood and literature
results are conﬂicting (Citterio et al. 2005). Many
fungi can survive and grow in high concentrations
of toxic metals (Gadd 1993). The mechanisms by
which they are able to deal with these metals are
numerous and varied in their action, e.g. extracel-
lular metal sequestration and precipitation, metal
binding to the fungal cell walls, intracellular
sequestration and complexation, compartmenta-
tion or volatilization (Gadd 1993). Recently,
Gonza´lez-Cha´vez et al. (2004) showed that an
insoluble glycoprotein, glomalin, produced in
copious amounts on hyphae of arbuscular mycor-
rhizal fungi (AMF) was able to sequester poten-
tially toxic elements in the rhizosphere. Glomalin
may be considered for biostabilization leading to
remediation of polluted soils.
In spite of the growing public and commercial
interest and success, more fundamental research
is still needed to better exploit the metabolic
diversity of the plants themselves, but also to
better understand the complex interactions be-
tween metals (bioavailability), soil, plant roots
and micro-organisms (bacteria and mycorrhiza)
in the rhizosphere (Vassilev et al. 2004; Alkorta
et al. 2004b; Kahn 2005).
5. Perspectives and recommendations
While many analytical approaches exist to
address dissolved species of toxicants, there is a
need to characterize sediments and soils per se in
terms of materials or particles which bind toxi-
cants and modulate their bioavailability and rate
of burial as well as obtaining information on the
activities of speciﬁc microbial taxa in communi-
ties that inhabit the treated site (Lloyd &
Renshaw 2005; Wiatrowski & Barkay 2005).
Several approaches have been discussed recently
by NRC (2003), Nolan et al. (2003) and Wia-
trowski & Barkay (2005).
• Microbial community analysis as evidence of
biotic metal transformation. Monitoring spatial
distribution of microbial communities is an
essential part of metal bioremediation by
applying molecular techniques (analysis of
macromolecules such as DNA, RNA or phos-
pholipids fatty acids, targeting the presence
and expression of functional genes). This has
been demonstrated during chromium attenua-
tion in marine sediment (Arias et al. 2004).
• Solid phase metal speciation techniques that al-
low the investigation of metal distribution, sur-
face reaction, and solid-phase speciation at the
molecular level. Using these methods the physi-
cal and chemical forms and distribution of
contaminants can be investigated in situ in soil
and sediments (Nolan et al. 2003). There are
generally spectroscopic techniques such as
X-ray microanalyses (Leppard & Droppo
2003). Lately, X-ray absorption spectroscopy
(XAS), which makes use of intense X-rays gen-
erated at synchrotron facilities, have improved
greatly our ability to gain information regard-
ing oxidation and coordination states, number
and type of near neighbours and bond dis-
tances of the elements of interest (Sparks 2001;
Prange & Modrow 2002). Moreover, third-gen-
eration synchrotron facilities oﬀer greatly en-
hanced spatial resolution (in the order of a
few micrometers) that allow analysis at the
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microscale level and improved detection limit
(Sparks 2001). These techniques can potentially
provide an understanding of what controls bio-
availability processes (Nolan et al. 2003).
• The monitoring of metal microbial transforma-
tions with stable isotope analysis holds great
promise. The true potential of stable isotopes
as a tool for monitoring transformations of
speciﬁc elements in the environment is the use
of isotopic ratios to distinguish sources and
pathways. Because both biological and chemi-
cal transformations show a preference for spe-
ciﬁc isotopes, sources may exhibit isotopic
ratios that reﬂect the process by which they
were formed rather than the natural abundance
of the isotope. These ratios can therefore be
used as signatures to identify a speciﬁc source
or transformation pathway (Herbel et al. 2000;
Wiatrowski & Barkay 2005).
Thus, the spatial in situ speciation of inorganic
contaminants (i.e., in the solid phase as well as in
the bulk soil or sediment solution, Williams et al.
2005) has a pivotal role to play in risk assess-
ment as well as in the improvement of the imple-
mentation of bioremediation technologies of
contaminated soils and sediments.
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